In this paper, the viewpoint that maximum resolved shear stress corresponding to the two slip systems in a nickel-based single crystal high-temperature fatigue experiment works together was put forward. A nickel-based single crystal fatigue life prediction model based on modified resolved shear stress amplitude was proposed. For the four groups of fatigue data, eight classical fatigue life prediction models were compared with the model proposed in this paper. Strain parameter is poor in fatigue life prediction as a damage parameter. The life prediction results of the fatigue life prediction model with stress amplitude as the damage parameter, the fatigue life prediction model with maximum resolved shear stress in 30 slip directions as the damage parameter, and the McDiarmid (McD) model, are better. The model proposed in this paper has higher life prediction accuracy.
Introduction
Nickel-based single crystal superalloy materials are mainly used in engine turbine blades, and their working environment is very harsh, which is why they are one of the components with the most structural failures. Many authors have conducted a number of experimental and theoretical studies on turbine blades. Some authors have focused on experiments and microscopic observations to investigate the fatigue behavior of nickel-based single crystals with different orientations, and some nickel-based single crystal fatigue life prediction models have been proposed. However, these have mostly been improved models of isotropic material life prediction and are often phenomenological life prediction models. Based on experiments, other scholars have conducted in-depth studies on the deformation behavior of nickel-based single crystals and have established some nickel-based single crystal constitutive models to simulate deformation, finally realizing prediction of fatigue life.
A large amount of literature has described the effect of resolved shear stress on fatigue. Ref. [1] mentions that plastic deformation mainly concentrates on the octahedral slip plane at low and medium temperatures, but both octahedral slip systems and cubic slip systems are activated at high temperatures (>600 • C). According to [2] , for directional solidification superalloys, it is found that the crack mainly lies in the primary octahedral slip systems when the temperature is between 500 • C and 600 • C. The fracture surface presents crystallographic features. When the temperature is higher than 700 • C, the I type crack is dominant. With temperatures between 600 • C and 700 • C, the fracture surface has the two aforementioned fracture characteristics. Ref. [3] mentions that at lower temperatures, octahedral slip systems will cause crystallographic fracture. At higher temperatures the 'wavy' slip will cause the fracture to be perpendicular to the loading direction and crack initiation sites will be mostly located on micro-holes near the subsurface. Most crack initiations comprise multiple sources. Ref. [4] considers that at room temperature and at 300 • C the cracks exhibit a non-crystallographic expansion mode and the crack initiation sites are mostly located on the persistent slip band. At 600 • C, cracks tend to expand along the crystallographic slip plane, and cracks propagating along slip lines on surfaces of specimens have been observed. Sliding surfaces and surface slip lines correspond to the primary octahedral slip system, so resolved shear stress plays an important role in crack initiation and propagation. A large amount of literature describes the activation of nickel-based single crystal slip systems. For the SC16 nickel-based single crystal superalloy, [5] considers that the primary octahedral slip system is activated in the [001] loading direction at a temperature of 950 • C. Plastic deformation was found on the corresponding crystallographic plane. Ref. [6] mentions that inhomogeneous planar dislocations distributed in strip form have been observed from room temperature to 800 • C, and that the dislocation structure became gradually homogeneous as the temperature was further increased. For the nickel-based single crystal superalloys, it is believed that with increases in experimental temperature, the cubic slip system is gradually activated when loaded in the [001] direction [7] . As the temperature increases further, the quantity of the cubic slip also increases further, and the quantity of the octahedral slip gradually decreases. In Ref. [8] , for nickel-based single crystal superalloys, it has been noted that inelastic deformation corresponding to the [001] loading direction is dominated by octahedron slip systems and that inelastic deformation corresponding to the [111] loading direction is dominated by cubic slip systems. Secondary octahedral systems have been observed only after a long period of creep deformation. Creep fatigue interaction experiments have been conducted for the SRR99 nickel-based single crystal superalloy at 950 • C, and the phenomenological model of the nickel-based single crystal superalloy has been proposed based on the isotropous constitutive model. It can be seen that with an increase in temperature the primary octahedral slip system and the cubic slip system are both activated, and under the influence of creep, the secondary octahedral slip system is also activated. Therefore, at higher temperatures, there is a certain influence of the three slip systems on the fatigue life of nickel-based single crystals.
Some literature has determined the activated slip system by observing slip lines on the surface of specimens. In Ref. [9] , monotonic tensile tests were carried out for PWA1480 notch specimens at room temperature. The primary octahedral slip system was considered active. The maximum resolved shear stress on the specimen surface near the notch was calculated. Slip lines based on maximum resolved shear stress were consistent with experimental observations of the surface. In Ref. [10] , a cylindrical indentation experiment using PWA1480 at room temperature was carried out. It was also noted that the primary octahedral slip system was activated. The numerical calculation results of the surface slip lines of the specimens were consistent with experimental observations. For the PWA1480 notch specimens [11] , a monotonic tensile experiment was carried out at room temperature, obtaining the same conclusions as those drawn in [9, 10] . In Ref. [12] , a monotonic tensile experiment of copper single crystal notch specimens at room temperature was conducted. It was noted that the primary octahedral slip system was activated, and it was postulated that single slips, double slips, and multiple slips might be generated with different loading directions, theoretically. However, there are manufacturing deviations and loading direction deviations due to the installation process of the specimens causing there to be only a single slip with a [001] loading direction. Thus, in the beginning, the largest resolved shear stress in primary octahedral slip systems plays a significant role. It can be seen that only the primary octahedral slip system is activated at room temperature and the corresponding maximum resolved shear stress plays a major role.
The theoretical calculation methods regarding resolved shear stress and shear strain of nickel-based single crystals are listed in the theoretical formulae section. Eight kinds of nickel-based single crystal fatigue life prediction models are listed in the next section, and the viewpoint that maximum resolved shear stress corresponding to the two slip systems in a nickel-based single crystal high temperature fatigue experiment work together is proposed. A nickel-based single crystal fatigue life prediction model based on modified resolved shear stress amplitude is proposed. In the third section, for the four groups of fatigue data, eight classical fatigue life prediction models are compared with the model proposed in this paper. The advantages and disadvantages of the current several nickel-based single crystal fatigue life prediction models and the model proposed in this paper are separately described and discussed.
Methods

Elastic Stress and Strain Calculation of Nickel-Based Single Crystal
The coordinate system consisting of the three principal axes is the material coordinate system oxyz. Correspondingly the calculation coordinate system is defined by ox'y'z'. The property of each material axis is described by three elastic parameters, respectively; these are the elastic modulus E, Poisson's ratio υ, and shear modulus G, where G = E 2(1+ν)
. According to the theory of elastic mechanics, in the material coordinate system, the stress-strain relation is ε = Cσ or σ = Dε, in which C is the flexibility matrix and D is the elasticity matrix. ε and σ represent the strain and stress vectors, respectively:
Nickel-based single crystal material is one type of the commonly used materials utilized for turbine blades and is an orthotropic cubic symmetric material. In the three major axis directions of the material coordinate system, the elastic parameters of the material are equal, respectively. The elastic parameters in the three directions are: E x = E y = E z = E, υ xy = υ yz = υ zx = υ, and G xy = G yz = G zx = G. l i , m i , and n i are the cosines of the angles between the material coordinate system and the calculation coordinate system, respectively. The specific correspondence relationship is shown in Table 1 . Table 1 . Direction cosines between coordinate axes in the different coordinate systems.
Direction Cosines
Material CSYS
According to geometry relationships, the transformation matrix A and B of the material coordinate system and the calculation coordinate system can be expressed as
Metals 2019, 9, 180 4 of 18 Furthermore, B = A −1 T . By using the transformation matrix, stress and strain in the calculation coordinate system can be obtained [13] :
From σ = Dε and σ = D x y z ε , D x y z = ADA T can be obtained; similarly, C x y z = BCB T can be obtained. In actual engineering analysis, the material coordinate system and the calculation coordinate system are often not uniform and between them there is a certain angle. The coordinate transformation matrix A can be used to convert the elasticity matrix D in the material coordinate system to the elasticity matrix D x y z in the calculation coordinate system. D x y z contains 21 different elements:
When the elastic moduli E [001] , E [011] , and E [111] are known, the three independent material parameters E, υ, and G can be calculated using the coordinate transformation.
Nickel-Based Single Crystal Resolved Shear Stress and Resolved Shear Strain
In the material coordinate system, the relationship between resolved shear stress and the stress tensor is τ (a) = σ :
is the sliding direction of the α slip system, and n (α) is the normal direction of the plane of the α slip system. The solution to the resolved shear stresses of the 12 primary octahedral slip systems is showed in Equation (6) . The solution to the resolved shear stresses of the 12 secondary octahedral slip systems is shown in Equation (7) . The solution to the resolved shear stresses of the six cubic slip systems is shown in Equation (8) . The corresponding resolved shear strains of the different slip systems were calculated by a similar formula to that used for the resolved shear stresses.
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The formula σ i j = l i i l j j σ ij can be used to convert the stress tensor in the oxyz coordinate system to the ox'y'z' coordinate system. The ox' axis in the new coordinate system ox'y'z' corresponds to the normal direction of the slip plane and hence the normal stress of the slip plane can be calculated as
. The direction cosines between the old and new coordinate systems are shown in Table 2 . 
Nickel-Based Single Crystal Fatigue Life Prediction Model
This article lists eight classic nickel-based single crystal fatigue life prediction models (see Table 3 ); parameters in these models may be calculated using Equations (6)- (8) . The damage parameter of model (1) is the maximum resolved shear stress amplitude, which may be obtained by taking the maximum value of the 30 resolved shear stress amplitudes. The damage parameter of model (2) is the maximum value of the 12 resolved shear stress amplitudes corresponding to the primary octahedral slip system. The model (3) damage parameter is the maximum resolved shear strain amplitude, which may be obtained by taking the maximum value of the 30 resolved shear strain amplitudes. The damage parameter of model (4) is the maximum value of the 12 resolved shear strain amplitudes corresponding to the primary octahedral slip system. The model (5) damage parameter is the maximum shear stress range. Model (6) obtains the resolved shear strain range, the maximum resolved shear stress, the normal strain amplitude, and the maximum normal stress respectively corresponding to the 30 slip directions. The left side of model (6) is first obtained, the maximum value of which is taken as the damage parameter. For model (7) , the resolved shear stress amplitudes and corresponding maximum normal stresses are obtained respectively considering the 30 slip directions. The left side of model (7) is first obtained, the maximum value of which is taken as the damage parameter. For model (8) , the maximum resolved shear stress amplitude and the maximum normal stress in the 30 slip directions are calculated, the combination of which is used as the damage parameter. The difference between model (7) and model (8) is that for the former the resolved shear stress amplitude and the maximum normal stress correspond, while for the latter resolved shear stress amplitude does not necessarily correspond to the maximum normal stress. Table 3 . Nickel-based single crystal fatigue life prediction model [14, 15] .
(1) Maximum resolved shear stress amplitude 
Modified Life Prediction Model
A single crystal fatigue life prediction model based on a modified resolved shear stress amplitude is proposed. M 1 and M 2 are the maximum and median values of the Schmid factor corresponding to the maximum resolved shear stress in the primary octahedral slip system, the secondary octahedral slip system, and the cubic slip system, respectively, which are obtained from the following two equations:
The nickel-based single crystal fatigue life prediction model can be obtained as follows:
According to fatigue experiment data about different loading directions of nickel-based single crystal materials, compared to other classic nickel-based single crystal fatigue life models, the fatigue life prediction accuracy of the proposed model is higher. Compare the Schmid factor with the modified factor (M 1 + M 2 )/2, as shown in Figure 1 . the three slip systems, the maximum Schmid factor for the [111] ] directions with the same fatigue life. Therefore, the nickel-based single crystal fatigue life prediction model which considers the three slip systems or the primary octahedral slip system and the cubic slip system is often inconsistent with its experimental results; this will be discussed further. 
Results
For the above nine nickel-based single crystal fatigue life prediction models, the high cyclic fatigue data for DD6 material at 700 °C and 800 °C, the low cycle fatigue data for PWA1480 material at 648 °C, and the high cycle fatigue data for PWA1484 material at 593 °C were used to predict uniaxial fatigue life. The plasticity effect was not considered. The basic material properties of the three materials are shown in Table 4 . On the one hand, the fatigue life prediction model was selected by comparing the adjusted coefficient of determination (Adj. R_Square), where the coefficient of determination is When considering only the primary octahedral slip system, the Schmid factor corresponding to the [111] direction is less than that for the [001] and [011] directions. The experiment data shows that the stress level in the [111] direction is greater than that in the [001] and [011] directions in the uniaxial loading with the same fatigue life. However, when the fatigue life prediction method only considering the resolved shear stress of the primary octahedral slip system is adopted, the calculated resolved shear stress in the [111] direction tends to be smaller. According to [14, 16] , three slip systems for low cyclic fatigue at 648 • C can be activated for PWA1480 material and it has been concluded that the maximum resolved shear stress amplitude model has good prediction effect. For the primary octahedral slip system and the cubic slip system, the maximum Schmid factor for the [ Therefore, the nickel-based single crystal fatigue life prediction model which considers the three slip systems or the primary octahedral slip system and the cubic slip system is often inconsistent with its experimental results; this will be discussed further.
For the above nine nickel-based single crystal fatigue life prediction models, the high cyclic fatigue data for DD6 material at 700 • C and 800 • C, the low cycle fatigue data for PWA1480 material at 648 • C, and the high cycle fatigue data for PWA1484 material at 593 • C were used to predict uniaxial fatigue life. The plasticity effect was not considered. The basic material properties of the three materials are shown in Table 4 . On the one hand, the fatigue life prediction model was selected by comparing the adjusted coefficient of determination (Adj. R_Square), where the coefficient of determination is
. n i is the experimental sample freedom and k is the number of explanatory variables in the model (excluding the constants in the model). On the other hand, the fatigue life prediction model was selected by comparing the size of the fatigue life dispersion zone. In view of the fact that the calculation results are based on pure elastic static analysis, the prediction results of the single crystal life prediction models, including the elastic strain, tend to be poor, as shown by Model (3) and Model (4) in Table 3 . Fatigue life prediction results of Model (3) and Model (4) are not listed.
High Cycle Fatigue Life Prediction for DD6 Material
(1) DD6 material at 700 • C High cyclic fatigue data for DD6 material at 700 • C was selected for analysis [17] . The experiments were carried out according to the loading directions of For the high cyclic fatigue experiment using DD6 material at 700 • C with a stress ratio of −1, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with the maximum resolved shear stress amplitude considering 30 slip systems as the damage parameter, the Fin model, the McD model, and the model proposed in this paper produced relatively higher Adj. R_Square values and better life prediction results. The results of the fatigue life prediction model which only uses the resolved shear strain as the damage parameter were poor. The fatigue life prediction results obtained using the model which only considers the maximum resolved shear stress of the primary octahedral slip system as the damage parameter, and the Chu-Conle-Bonnen (CCB) model, were worse. The fatigue life prediction results of most data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for high cyclic fatigue experimental data for DD6 material at 700 • C with a stress ratio of −1. For the high cyclic fatigue experiment using DD6 material at 700 °C with a stress ratio of −1, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with the maximum resolved shear stress amplitude considering 30 slip systems as the damage parameter, the Fin model, the McD model, and the model proposed in this paper produced relatively higher Adj. R_Square values and better life prediction results. The results of the fatigue life prediction model which only uses the resolved shear strain as the damage parameter were poor. The fatigue life prediction results obtained using the model which only considers the maximum resolved shear stress of the primary octahedral slip system as the damage parameter, and the Chu-Conle-Bonnen (CCB) model, were worse. The fatigue life prediction results of most data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for high cyclic fatigue experimental data for DD6 material at 700 °C with a stress ratio of −1.
(2) DD6 material at 800 °C High cyclic fatigue data for DD6 material at 800 °C was selected for analysis [17] . For the high cyclic fatigue experiment for DD6 material at 800 • C with a stress ratio of −1, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with maximum resolved shear stress amplitude considering the 30 slip systems as the damage parameter, the Fin model, the McD model, and the model proposed model in this paper gave relatively higher Adj. R_Square values and better life prediction results. The comparison results are the same as for DD6 material at 700 • C. The fatigue life prediction results of all the data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for high cyclic fatigue experimental data for DD6 material at 800 • C with a stress ratio of −1. For the high cyclic fatigue experiment using DD6 material at 700 °C with a stress ratio of −1, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with the maximum resolved shear stress amplitude considering 30 slip systems as the damage parameter, the Fin model, the McD model, and the model proposed in this paper produced relatively higher Adj. R_Square values and better life prediction results. The results of the fatigue life prediction model which only uses the resolved shear strain as the damage parameter were poor. The fatigue life prediction results obtained using the model which only considers the maximum resolved shear stress of the primary octahedral slip system as the damage parameter, and the Chu-Conle-Bonnen (CCB) model, were worse. The fatigue life prediction results of most data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for high cyclic fatigue experimental data for DD6 material at 700 °C with a stress ratio of −1.
(2) DD6 material at 800 °C High cyclic fatigue data for DD6 material at 800 °C was selected for analysis [17] . For the high cyclic fatigue experiment for DD6 material at 800 °C with a stress ratio of −1, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with maximum resolved shear stress amplitude considering the 30 slip systems as the damage parameter, the Fin model, the McD model, and the model proposed model in this paper gave relatively higher Adj. R_Square values and better life prediction results. The comparison results are the same as for DD6 material at 700 °C . The fatigue life prediction results of all the data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were For the high cyclic fatigue experiment for DD6 material at 800 °C with a stress ratio of −1, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with maximum resolved shear stress amplitude considering the 30 slip systems as the damage parameter, the Fin model, the McD model, and the model proposed model in this paper gave relatively higher Adj. R_Square values and better life prediction results. The comparison results are the same as for DD6 material at 700 °C . The fatigue life prediction results of all the data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were 
Low Cycle Fatigue Life Prediction for PWA1480 Material
Analysis was performed for PWA1480 material with 648 • C low cycle fatigue data [14] . In order to facilitate comparison with the literature, experiments were conducted using the DD6 material at 800 °C with a stress ratio of −1.
Analysis was performed for PWA1480 material with 648 °C low cycle fatigue data [14] . In order to facilitate comparison with the literature, experiments were conducted using the [001], [011], [111] , and [213] loading directions, respectively, with different strain ratios controlled. The stress tensor and resolved shear stress were obtained by using the elasticity matrix [14] . The fatigue life prediction results are shown in Figures 6 and 7 . For the low cyclic fatigue experiment using PWA1480 material at 648 °C with different strain ratios, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with maximum resolved shear stress amplitude considering the 30 slip systems as the damage parameter, the CCB model, the McD model, and the model proposed in this paper produced relatively higher Adj. R_Square values and better life prediction results. The fatigue life prediction results of most data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction results of all the data points were within ten times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for low cyclic fatigue experimental data for PWA1480 material at 648 °C with different strain ratios.
Fatigue Life Prediction of PWA1484 Material
Analysis was performed on the PWA1484 material at 593 °C with a stress ratio of 0.1 fatigue data [15] . For the low cyclic fatigue experiment using PWA1480 material at 648 • C with different strain ratios, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with maximum resolved shear stress amplitude considering the 30 slip systems as the damage parameter, the CCB model, the McD model, and the model proposed in this paper produced relatively higher Adj. R_Square values and better life prediction results. The fatigue life prediction results of most data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction results of all the data points were within ten times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for low cyclic fatigue experimental data for PWA1480 material at 648 • C with different strain ratios.
Analysis was performed on the PWA1484 material at 593 • C with a stress ratio of 0.1 fatigue data [15] . For the low cyclic fatigue experiment using PWA1480 material at 648 °C with different strain ratios, the fatigue life model with stress amplitude as the damage parameter, the fatigue life model with maximum resolved shear stress amplitude considering the 30 slip systems as the damage parameter, the CCB model, the McD model, and the model proposed in this paper produced relatively higher Adj. R_Square values and better life prediction results. The fatigue life prediction results of most data points using modified maximum resolved shear stress amplitude as the damage parameter proposed in this paper were within three times of the dispersion band. The fatigue life prediction results of all the data points were within ten times of the dispersion band. The fatigue life prediction model proposed in this paper can be used to predict fatigue life with high accuracy for low cyclic fatigue experimental data for PWA1480 material at 648 °C with different strain ratios.
Analysis was performed on the PWA1484 material at 593 °C with a stress ratio of 0.1 fatigue data [15] . For the fatigue experiment data for PWA1484 material at 593 °C with a stress ratio of 0.1, due to the large data dispersion, the fatigue life prediction results using the eight models mentioned above and the model proposed in this paper were worse. The life prediction model could not ensure that the prediction effect was located within ten times of dispersion. However, compared with the life prediction results of the other eight kinds of damage parameters, the Adj. R_Square value of the model proposed in this paper was higher and was only inferior to that value for the model with maximum resolved shear stress of the primary octahedral slip system. This was mainly due to the For the fatigue experiment data for PWA1484 material at 593 °C with a stress ratio of 0.1, due to the large data dispersion, the fatigue life prediction results using the eight models mentioned above and the model proposed in this paper were worse. The life prediction model could not ensure that the prediction effect was located within ten times of dispersion. However, compared with the life prediction results of the other eight kinds of damage parameters, the Adj. R_Square value of the model proposed in this paper was higher and was only inferior to that value for the model with maximum resolved shear stress of the primary octahedral slip system. This was mainly due to the For the fatigue experiment data for PWA1484 material at 593 • C with a stress ratio of 0.1, due to the large data dispersion, the fatigue life prediction results using the eight models mentioned above and the model proposed in this paper were worse. The life prediction model could not ensure that the prediction effect was located within ten times of dispersion. However, compared with the life prediction results of the other eight kinds of damage parameters, the Adj. R_Square value of the model proposed in this paper was higher and was only inferior to that value for the model with maximum resolved shear stress of the primary octahedral slip system. This was mainly due to the lower experimental temperature which resulted in the primary octahedral slip system playing a dominant role and the role of the secondary octahedral slip system and the cubic slip system not being obvious.
Discussion
Based on the prediction results of the four groups of nickel-based single crystal fatigue life data, all the fatigue life prediction models are summarized in Table 5 . Table 5 . Nickel-based single crystal fatigue life prediction models.
(1)
With maximum resolved shear stress amplitude of the 30 slip systems as the damage parameter, all of the fatigue life prediction results are good.
(2)
With maximum resolved shear stress amplitude of the primary octahedral slip system as the damage parameter, all of the fatigue life prediction results are worse.
Models with resolved shear strain amplitude as the damage parameter generally have poor prediction results for nickel-based single crystal materials.
The fatigue life prediction model with stress amplitude or maximum shear stress as the damage parameter has a higher life prediction accuracy.
Life prediction results obtained by using the CCB model for PWA1480 low cycle fatigue data are better, while the life prediction results of the CCB model for DD6 high cycle fatigue data are worse.
Life prediction results for DD6 high cycle fatigue data obtained using the Fin model are better, while those for PWA1480 low cycle fatigue data obtained using the Fin model are worse.
The McD model has a higher life prediction accuracy.
The nickel-based single crystal fatigue life prediction model based on modified resolved shear stress amplitude, which has been proposed in this paper, has higher life prediction accuracy.
Ref. [18] focuses on a fatigue experiment using thin plates with cooling holes at 900 • C for DD6 material, establishing the nickel-based single crystal plastic constitutive model and combining it with the critical distance method to predict its fatigue life. The fatigue life prediction method used in [18] which is based on a nickel-based single crystal fatigue constitutive model is complicated. It takes a long time to calculate the stress and strain of single crystal hollow blades with complex cooling structures. In addition, the program in [18] is unstable and is not easy to apply in engineering. Ref. [19] uses a modified Mücke's anisotropic model to predict fatigue life. Using a solution of a nonlinear equation to determine the model parameters in [19] is a tedious process. The multiaxial fatigue life prediction of a CMSX-2 nickel-based single crystal material at 900 • C with stress controlled for is performed in [20] . The result of the fatigue life prediction model with stress as the damage parameter is generally better than the fatigue life prediction model with strain as the damage parameter, which is consistent with the conclusion in this paper. Ref. [14, 15, 20] have adopted the same idea as this paper, selecting appropriate damage parameters and establishing nickel-based single crystal fatigue life prediction methods. However, the model proposed in this paper does not consider the effect of plastic, which has no effect on predictions of high cycle fatigue life. The fatigue life prediction results are better than other models. For predictions of low cycle fatigue life, the material has often yielded, and the experiments are often strain controlled. The stress tensor and resolved shear stress are obtained by using the elasticity matrix; thus, the stress levels of some data points in Figure 6a will appear larger. In the absence of a stress gradient, the model proposed in this paper still has a good prediction accuracy of low cycle fatigue life. Although the corresponding damage parameters are fictitious, they still have a good one-to-one correspondence with life. Due to the deficiency of data, the effects of average stress and stress gradient are not considered in this paper. Ref. [21] [22] [23] have established life prediction models for the effects of stress gradient for uniaxial and multiaxial fatigue, respectively. As a next step, the right side of the model proposed in this paper can be modified to introduce the influence of average stress [24] , and the stress gradient factor can be introduced into the model based on the nickel-based single crystal notch experiment [21] .
In Ref. [25] , monotonic tensile tests of a MD2 nickel-based single crystal superalloy at room temperature were conducted and it was observed that the cracks often initiated near the inclusions or holes. The initiation position was often located on the surface or near the surface of the specimen. In Ref. [5] , monotonic tensile tests for SC16 at 950 • C were conducted, and it was concluded that micro-cracks on the surface and the casting holes of the specimens were often potential crack initiation sites. In Ref. [26] , notch ultra-high cycle fatigue experiments for CMSX-4 and CM186LC at 850 • C were conducted, and crack initiation was often related to the interaction of the persistent slip band (PSB) with casting holes or carbides. At the same time, the life of crack initiation accounts for most of the total life. The actual life of the specimen often depends on the state of the material at the crack initiation position. Casting holes and inclusions often produce large stress concentrations, especially near the surface. Therefore, it is appropriate to predict the high cycle fatigue life of the material with crack initiation near the casting hole or the inclusion with stress as the damage parameter. To facilitate applications within engineering, it is still applicable to extend this method to low cycle fatigue life prediction.
Conclusions
•
For the high cyclic fatigue experiments for DD6 material at 700 • C and 800 • C with a stress ratio of −1 and the low cyclic fatigue experiments for PWA1480 material at different strain ratios at 648 • C, several classical nickel-based single crystal fatigue life prediction models were compared.
The fatigue life prediction model with stress amplitude as the damage parameter, the fatigue life prediction model considering maximum resolved shear stress of the 30 slip directions as the damage parameter, the McD model, and the modified maximum resolved shear stress amplitude fatigue life prediction proposed in this paper were observed to have higher accuracy.
For fatigue data obtained for PWA1484 material at 593 • C with a stress ratio of −1, the fatigue life prediction model proposed in this paper and the model considering maximum resolved shear stress of the primary octahedral slip system as the damage parameter had better prediction results. At lower temperatures, the model considering maximum resolved shear stress of the primary octahedral slip system as the damage parameter has greater engineering application prospects.
Fatigue life prediction models with strain as the damage parameter have poor prediction accuracy.
• By comparing the aforementioned nickel-based single crystal fatigue life prediction models, for nickel-based single crystals at higher temperature, the proposed method and the fatigue life model with stress amplitude directly as the damage parameter have higher prediction accuracy and hence greater engineering application value. 
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